ABSTRACT Pure methane ices (CH 4 ) were irradiated at 10 K with energetic electrons to mimic the energy transfer processes that occur in the track of the trajectories of MeV cosmic-ray particles. The experiments were monitored via an FTIR spectrometer (solid state) and a quadrupole mass spectrometer (gas phase). Combined with electronic structure calculations, this paper focuses on the identification of CH x (x ¼ 1Y4) and C 2 H x (x ¼ 2Y6) species and also investigates their formation pathways quantitatively. The primary reaction step is determined to be the cleavage of a carbonhydrogen bond of the methane molecule to form a methyl radical (CH 3 ) plus a hydrogen atom. Hydrogen atoms recombined to form molecular hydrogen, the sole species detected in the gas phase during the irradiation exposure. In the matrix two neighboring methyl radicals can recombine to form an internally excited ethane molecule (C 2 H 6 ), which either can be stabilized by the surrounding matrix or was found to decompose unimolecularly to the ethyl radical (C 2 H 5 ) plus atomic hydrogen and then to the ethylene molecule (C 2 H 4 ) plus molecular hydrogen. The initially synthesized ethane, ethyl, and ethylene molecules can be radiolyzed subsequently by the impinging electrons to yield the vinyl radical (C 2 H 3 ) and acetylene (C 2 H 2 ) as degradation products. Upon warming the ice sample after the irradiation, the new species are released into the gas phase, simulating the sublimation processes interstellar ices undergo during the hot core phase or comets approaching perihelion. Our investigations also aid the understanding of the synthesis of hydrocarbons likely to be formed in the aerosol particles and organic haze layers of hydrocarbon-rich atmospheres of planets and their moons such as Titan.
INTRODUCTION
Interstellar methane (CH 4 ) is thought to be formed on the surface of interstellar ices, where hydrogen atoms can combine with a carbon atom sequentially (d 'Hendecourt et al. 1985) . Indeed, methane is known to be ubiquitous throughout the interstellar medium, where it has been detected in both the gas phase and solid state (Lacy et al. 1991) . A recent survey of 23 infrared sources, mostly young stellar objects and field stars, carried out by Gibb et al. (2004) using the Infrared Space Observatory (ISO) detected methane in interstellar ices via its 4 deformation mode at 7.676 m (1303 cm
À1
). The abundance of methane within these ices was found to be typically 1%Y4% relative to water; however, upper limits of 13% and 17% were reported for Mon R2 IRS 3 and GCS 4, respectively. The band position and profile was found to be consistent with the methane molecule being within a polar matrix such as water. It is also well established that the icy grains present within interstellar clouds are subjected to irradiation from Galactic cosmic rays originating from supernovae explosions; these particles have high kinetic energies up to the GeV; for instance, 1 MeV particles have fluxes of ¼ 10 particles cm À2 s À1 (Strazzulla & Johnson 1991) . Chemically speaking, the cosmicray radiation field comprises about 98% protons ( p, H + ) and 2% helium nuclei He 2+ ). The cosmic-ray particles also induce an internal ultraviolet radiation field (k < 13:6 eV), holding a fluence of ¼ 10 3 photons cm À2 s À1 ( Prasad & Tarafdar 1983) . The effects of this high-energy radiation exposure over the lifetime of an interstellar cloud of about 4Y6 ð Þ; 10 8 yr (Jones 2005 ) is expected to produce significant chemical alterations of the ices condensed on the grain nuclei (Kaiser 2002) . The production of new hydrocarbons formed from the irradiation of methane in the solid state and their subsequent ejection into the gas phase as the ice sublimes also has profound consequences for chemical models of interstellar cores (Ruffle & Herbst 2001) .
Studying the chemical composition of comets may also provide a record of the ''pristine material'' of the parent interstellar cloud from which our solar system was formed (Ehrenfreund et al. 2004) . Hydrocarbons including methane (CH 4 ), ethane (C 2 H 6 ), and acetylene (C 2 H 2 ) have been detected as they sublimed from the interior of the long period comets including C/1996 B2 Hyakutake, C/1995 O1 Hale-Bopp with abundances relative to water ranging from 0.5%Y1.5%, 0.6%, and 0.2%Y0.3% (Brooke et al. 1996; Mumma et al. 1996 Mumma et al. , 2003 Weaver et al. 1999, respectively) . It has been suggested that the formation of ethane and acetylene are likely to have originated from the irradiation of methane within interstellar ices; indeed, the idea has already been studied within a water-dominated matrix (Moore & Hudson 1998) .
Methane is also found to be abundant throughout the solar system (Ehrenfreund & Charnley 2000; Roush 2001 ). Other than the Earth, which obviously has biogenic sources today, it has been detected within the atmospheres of Mars (<0.02 ppm), Jupiter (1000 ppm), Saturn (2000 ppm), Uranus (0.003Y0.01 ppm), and Nepune (0.015 ppm). Trace amounts of ethane, ethylene, and acetylene have been detected within the atmospheres of these planets as well (Cruikshank 1998) . Observations of Titan with ISO by Coustenis et al. (2003) also revealed the presence of a few percent of methane, as well as minor traces of associated hydrocarbons including ethane (C 2 H 6 ), ethylene (C 2 H 4 ), acetylene (C 2 H 2 ), propane (C 3 H 8 ), allene ( H 2 CCCH 2 ), methylacetylene (CH 3 CCH ), diacetylene ( HCCCCH ), and benzene (C 6 H 6 ). Infrared studies of outer solar system icy bodies like Pluto with the United Kingdom Infrared Telescope ( UKIRT) verified from the position of the methane band that methane molecules are not only embedded in solid nitrogen ( N 2 ) dominated ices but also as islands of solid methane ( Douté et al. 1999) .
Previous experiments studying the effects of both ultraviolet ( UV ) photolysis and irradiation by ions on solid methane have been carried out; however, little information regarding a quantitative interpretation of the results exists. Gerakines et al. (1996) exposed pure ice samples of about 0.1 m thickness (including methane) to UV irradiation from a microwave discharge flow lamp; typically, the flux of photons is estimated to be 10 15 photons cm À2 s À1 with energies greater than 6 eV, but predominantly, the photons produced are Ly photons (10.2 eV ). The products were studied via mid-infrared spectroscopy, whereby they identified the methyl radical (CH 3 ), ethane, propane, and ethylene, as well as characteristic absorptions indicating the presence of larger hydrocarbons containing double and triple bonds. The detection of acetylene was not reported. Later, Kaiser & Roessler (1998) exposed methane ice targets of about 4 m thickness to irradiation from both 9.0 MeV -particles and 7.3 MeV protons. Again, by the use of infrared spectroscopy, the authors found that the chemical alterations were slightly different from those by UV irradiation; notably, they reported the formation of acetylene as well as several previously undetected radical species, methylene (CH 2 ), the ethyl radical (C 2 H 5 ), and the vinyl radical (C 2 H 3 ). More recently, Baratta et al. (2002) prepared thin samples around 7.40 nm thick, and compared the effects of photons generated via a hydrogen discharge resonance lamp (Ly photons) and 30 keV ions at currents ranging from 100 nA cm À2 to a few A cm
À2
. The chemical alteration of the ices was monitored by infrared spectroscopy, but the study was focused on the destruction of methane and production of only ethane and propane, whereby few other species were mentioned. They found that at low doses, the irradiation effects from both sources were comparable, but at higher doses the optical properties of the ice hindered the further processing by UV photons. Moore & Hudson (2003) also recently studied the effects of both UV photons generated from a microwave-discharged hydrogen flow lamp as well as 0.8 MeV protons generated by a Van de Graff generator on pure methane ice (several microns thick). The products were studied using infrared spectroscopy, whereby only a qualitative approach was taken to analyze the effects of radiolysis on the methane sample, whereby the acetylene molecule was found to be produced in both experiments (note that in a previous study by Gerakines et al. [1996] , the same peaks were listed as present but unidentified), yet in contrast to previous studies, ethylene and propane were not identified in the UV photolyzed samples. Thus, it is clear that further work is needed to establish how differing radiation sources chemically alter these ices. To our knowledge, however, no previous experiments studying the irradiation effects of high-energy electrons on solid methane under ultrahigh vacuum conditions have been carried out. The choice of energetic electrons as an irradiation source serves to simulate not only the irradiation of icy surfaces by energetic electrons (e.g., the Jovian system) but also the effects of electrons released in the track of an MeV ion trajectory (see Bennett et al. [2005] for more details). The linear energy transfer through electronic interactions to the ice sample from keV electrons is also of the same order to that of MeV ions. The focus of this paper is the production mechanisms of small hydrocarbons (where C x H y [x 2, y 6]).
EXPERIMENTAL
Briefly, an ultrahigh vacuum (UHV) chamber is evacuated down to a base pressure of typically 5 ; 10 À11 torr using oil-free magnetically suspended turbomolecular pumps. A closed cycle helium refrigerator is used to cool a highly polished silver (111) mono crystal to 11:0 AE 0:3 K, which is held in the center of the chamber and is freely rotatable. The methane (CH 4 ) frost was prepared by depositing methane (99.999%, Specialty Gas Group) through a glass capillary array held 5 mm from the silver target for 5 minutes at a background pressure in the main chamber of 10 À7 torr. A Nicolet 510 DX Fourier transform infrared spectrometer (242 scans over 5 minutes from 6000Y 400 cm
À1
, resolution 2 cm À1 ) running in absorption-reflection-absorption mode (reflection angle ¼ 75 ) is used to monitor the condensed sample. A quadrupole mass spectrometer (Balzer QMG 420) operating in residual gas analyzer mode with the electron impact ionization energy at 90 eV allows us to detect any species in the gas phase during the experiment.
The methane samples were irradiated isothermally at 11:0 AE 0:3 K with 5 keVelectrons generated with an electron gun (Specs EQ 22Y35) at beam currents of 100 nA for 1 hr by scanning the electron beam over an area of 1:8 AE 0:3 cm 2 . In theory this would mean during the irradiation the sample would be exposed to a total of 2:2 ; 10 15 electrons (1:2 ; 10 15 electrons cm À2 ); however, not all of the electrons generated by our electron gun actually reach the target; the manufacturer states an extraction efficiency of 78.8%, meaning the actual number of electrons which hit the sample is reduced to 1:8 ; 10 15 electrons (9:8 ; 10 14 electrons cm
À2
). After the irradiation is complete, the sample is then left isothermally for an hour before heated to 300 K at a rate of 0.5 K minute
À1
. Figure 1 depicts a typical infrared spectrum of the condensed methane frost prior to the irradiation at 11 K; the assignments of these bands are presented in Table 1 . At this temperature, methane is orientated in its phase II crystalline structure, which is stable below 20.4 K. Indeed, the fine structure arising from the 3 and 4 fundamental bands is consistent with that of phase II methane (which have some hindered motion), with some amorphous features portrayed by additional fine structure not attributable to that of phase II methane. There have been numerous studies on the structure of methane in phase II, and the corresponding infrared assignments (Chapados & Cabana 1972; Kobashi et al. 1977; Baciocco et al. 1987a Baciocco et al. , 1987b Khanna & Ngoh 1990; Grieger et al. 1998) .
The column density of methane (molecules cm
À2
) can be calculated via a modified Lambert-Beers relationship as in equation (1) (see Bennett et al. [2004] for more details);
where the division by a factor of 2 corrects for the ingoing and outgoing infrared beam, is the angle between the normal of the surface mirror, and the infrared beam, R 2 1 A() d is the integral of the infrared absorption feature for our sample ( per centimeter), and A is the integral absorption coefficient (in centimeter per molecule), often referred to as an ''A-value.'' Because of the large number of expected products and complicated fine structure of the strongly absorbing fundamental 3 and 4 bands, it is logical to use the overtone/combination bands to determine the column density of the methane sample. Using a recently determined A-value from Gerakines et al. (2005) of 1:6 ; 10 À18 cm molecule
À1
for the combination band appearing at 4200 cm À1 ( 1 þ 4 ), we derive a column density of 2:29 AE 0:05 ; 10 17 molecules cm À2 . Taking a density of 0.53 g cm À3 (Wyckoff 1965) , we can derive a thickness of 115 AE 2 nm. The electron trajectories were simulated using the CASINO code (Drouin et al. 2001) . The results indicate that the distribution maximum for the energy of electrons after they have been transmitted through the sample is 4:63 AE 0:01 keV, which means that they transfer a total of 370 AE 10 eV into the sample. This value corresponds to an average linear energy transfer ( LET) of 3:2 AE 0:1 keV m
, and therefore exposing our sample to an average dose of 1:6 AE 0:2 eV per molecule. Figure 2 shows the optimized molecular structures of the species relevant to this study (see Appendix for details). Note.-Absorptions and assignments are done according to Chapados & Cabana (1972) and Baciocco et al. (1987a Baciocco et al. ( , 1987b . Table 1. shows the infrared spectrum after irradiation exposure compared to the neat ice sample. A list of the species identified along with the corresponding assignments is shown in Table 2 . The temporal evolution of the column densities of these species are shown in Figures 4aY 4g with the corresponding quantitative information listed in Table 3 . Note that during the 1 hr irradiation period, the infrared bands were fit using Gaussian curves, which allows for greater accuracy in determining the peak areas than the direct band integration used in the subsequent isothermal and heating stages, which accounts for the apparent onset of jagged features in Figures 4a Y 4g after the irradiation period has elapsed. Taking methane as an example, the temporal development of the column density was observed by its 1 þ 4 combination band at 4200 cm
RESULTS

À1
and is shown in Figure 4a using the A-value of 1:6 ; 10 À18 cm molecule À1 (Gerakines et al. 2005 , i.e., only about 5%. Taking into account that 9:8 ; 10 14 electrons cm À2 hit the target, we can calculate that each electron destroys 11:7 AE 6:4 methane molecules on average. The column density of methane remains constant over the isothermal period where the sample is kept at 11 K for 1 hr, and then once the temperature program is started, begins to decrease as the sample is heated, in which the entire methane matrix sublimated rapidly from 39Y 42 K.
Note also that this paper is focusing on the formation of only C 2 H x (x ¼ 1Y6) and CH y ( y ¼ 1Y4) species. As most of these features have been previously identified in irradiation experiments on methane ice, we shall only discuss those that are reported for the first time. In regards to ethane (X 1 A 1g ), the bands at 2941 and 2915 cm À1 are tentatively assigned to the infrared active combination bands arising from the combination of the v 8 þ v 11 modes (E u E g ¼ A 1u È A 2u È E u ) allowing two infrared active bands ( Nakamoto 1997; Hepp & Herman 1999) ; the relative intensities of these bands of about 4 : 1 is the same as in pure ethane samples from our laboratory data ( Fig. 3c ). These bands have been assigned to ethane previously by Gerakines et al. (1996) at 2942 and 2908 cm À1 , respectively. It is also expected that there will be a slight contribution to the band appearing at 2961 cm À1 from the infrared inactive band 1 (CH 3 symmetric stretch); however, the major contributor to this bands is likely to be from higher hydrocarbons such as propane (C 3 H 8 ). Note that Gerakines et al. (1996) assigned a band appearing at 2908 cm À1 to ethane, which is not present in the pure sample. A more likely explanation is that during irradiation, the amount of amorphous methane increases; this reduces the site symmetry of the methane molecules to C 1 , making all vibrations infrared active; hence, here we assign this band to the 1 band of methane (Fig. 3c) .
The isomer of ethylene, CH 3 -CH(X 3 A 00 ), could not be identified unambiguously; the most intense bands from our density functional theory (DFT) calculations are from the fundamentals 9 at 2889 cm À1 and 3 at 2855 cm
, both of around the same intensity. There are two bands occurring at 2851 and 2834 cm À1 , which are consistent with these observations (a shift of 20Y40 cm À1 for absorptions in the solid state is not uncommon), but due to the low intensities of these bands, the assignment can only be tentative.
Note that several species remain unidentified. These include the methylene radical, CH 2 (X 3 B 1 ), whereby the strongest absorption, the 2 bending mode, is not particularly strong (A $ 2 ; 10 À18 cm molecule À1 ) and is predicted by our calculations to absorb at 1024 cm
. However, experimental results using tunable diode laser spectroscopy and laser magnetic resonance techniques place the absorption closer to 963 cm À1 (Marshall & McKellar 1986) , a feature that would be hard to observe next to the intense absorptions from ethylene and higher hydrocarbons that also absorb in this region. The feature previously reported by Kaiser & Roessler (1998) at 1109 cm À1 to be the methylene radical was also not found to be present in our electron-irradiated sample. Similarly, the vinylidene isomer, H 2 CC(X 1 A 1 ), which is unlikely to be identified as the strongest band ( 4 at 728 cm À1 ), overlaps with the strong 5 band from acetylene and could not be observed. Although Table 2 . Notes.-Observations are via 5 keV electrons at 0.1 A, together with the calculated values for the integrated absorption coefficients used in this paper. Tentative assignments are given in italics.
a Also reported by Snelson (1970) and Pacansky & Bargon (1975) at 3162 and 3150 cm À1 , respectively. b Not the major contributing species to the band (see text for details). c Assignment supported by work from Nakamoto (1997) as well as Hepp & Herman (1999) . d Assignment based on calculated band positions of these species (see Appendix). Þnor the ethynyl radical C 2 H(X 2 AE þ ) could not be identified in these experiments.
4. DISCUSSION
Reaction Scheme
We now attempt to kinetically fit the column densities of the new species produced on irradiation of the sample. During this discussion, we refer to the reactions listed in Table 4 (R1)Y (R18), which underlie the chemical processes considered for the reaction scheme; the summary of this scheme is shown in Figure 5 . Considering the experimentally observed column density of methane, we assumed that the molecule undergoes first-order ''decay'' on electron bombardment, similar to a radioactive decay, giving the following rate (eq. [2]). This equation can be used to fit the column density of the methane molecule during the irradiation phase via equation (3). The best fit of the methane profile yields ½CH 4 (t ¼ 0) ¼ 2:29 AE 0:01 ; 10 17 molecules cm À2 and k a ¼ 1:62 AE 0:07 ; 10 À5 s À1 and is shown in Figure 6 . To fit the experimentally observed column density of the methyl radical, assuming it is produced via reaction (R1), a first order growth (eq. [4]) can be expected. The best-fit results from this equation yields a ¼ 5:43 AE 0:08 ; 10 14 molecules cm À2 and k b ¼ 7:84 AE 0:31 ; 10 À4 s À1 ( Fig. 6) .
Having accounted for the methane molecules and methyl radical, we would like to comment on the possible formation pathways of the remaining molecules formed during the electron exposure as listed in Table 2 . The proposed reaction sequence is shown in Figure 5 . The system of coupled differential equations was solved numerically ( Frenklach et al. 1992) . The underlying rate constants found for each process are compiled in Table 5 and the resulting kinetic fits to the column densities of each species are shown in Figure 6 . In this scheme it was assumed that the generation of the internally excited ethane molecules obeyed pseudoYfirst-order kinetics, the rate constant, k 1 , was found to be 6:14 ; 10 À5 s À1 . This value is about an order of magnitude less than the formation of the methyl radicals via equation (4), suggesting that most of the methyl radicals generated via homolytic carbon-hydrogen bond rupture processes do not have the proper reaction geometry to recombine and/or are not located in the same matrix cage. The internally excited ethane molecule can either be stabilized via phonon interaction (transferring the internal energy to the matrix; reaction Note that the energetics for reactions (6) and (7) are analogous to reactions ( R6) and ( R7) in Table 4 . Here, we derived rate constants of k 2 ¼ 2:09 ; 10 À2 s À1 , k 3 ¼ 5:52 ; 10 À3 s À1 , and
Thus, we can conclude that the majority ($70%) of the excited ethane molecules can be stabilized by the surrounding matrix to form the ground state ethane molecule via reaction (5). However, the fact that both k 3 and k 4 were found to be nonzero, means that these pathways are also significant. If we assume that ethane is formed via the recombination of methyl radicals via reaction (R5), there is an excess of 3.74 eV from this process. However, for reaction (6) to proceed it would require 4.27 eV (an additional 0.53 eV), which means that a considerable number of the methyl radicals formed via reaction (R1) must hold excess energy of at least 0.26 eV each. Similarly, in reaction (7) the elimination of molecular hydrogen from the excited ethane molecule has a barrier of 4.58 eV (an additional 0.84 eV), meaning that a significant population of the methyl radicals formed under reaction (R1) are internally excited by at least 0.42 eV. The formation of the ethyl radical appears to involve two pathways, k 3 (reaction [6]), which has already been discussed, and its formation via the radiolysis of a previously formed ground state ethane molecule (reaction [ R6] ). Here, the rate constant, k 5 , was found to be 3:12 ; 10 À3 s À1 . The fact that k 5 is slower than k 3 and, in addition, is also dependant on k 2 means that the majority Notes.-Summary is based on the indicated band position and the corresponding A-value at the end of irradiation and the number of molecules produced per incident electron. The temperature at which the species sublimated from the matrix is also indicated.
a Based on 9:8 ; 10 14 electrons cm À2 hitting the target (see x 2). b Value from Gerakines et al. (2005) . c Value from Wormhoudt & McCurdy (1989) . d Value from Pearl et al. (1991) . e Note that a minor quantity of ethane is present as impurity in our pure gas. f Calculated value (see Appendix). g Value from Cowieson et al. (1981) . h Value from Kaiser & Roessler (1998). of the ethyl radical is produced via reaction (6), although reaction (R6) is still significant. In comparison of the destruction rates of the ethane and ethyl radicals through radiolysis to produce the ethyl radical (R6) and ethylene (R8), respectively, the latter was found to proceed faster, where k 6 was found to be 4:12 ; 10 À3 s
À1
. The energetics can also explain this by the fact that the energy required to produce the ethyl radical through reaction (R6), 4.27 eV, is more than the energy required to produce the ethylene molecule through reaction ( R8), 1.62 eV (including the barrier), i.e., the reaction requiring the least energy proceeds the fastest. Now, let us compare the reaction rates of the formation of ethylene from ground state ethane molecules (k 10 ; reaction [R7]) and its formation through the decomposition of the internally excited ethane molecule (k 4 ; reaction [7] ). The rate constant for reaction ( R7), k 10 , was found to be 2:28 ; 10 À6 s À1 , roughly 3 orders of magnitude smaller than k 4 . Here, we find that the more important pathway to form ethylene appears to be through reaction (7), which implies that the molecular hydrogen elimination from a molecule of ethane is more likely to occur during the recombination of energetic methyl radicals. An investigation of the relevant energetics provides little insight into the reason for this discrepancy, as both reaction (R7) and reaction (7) infer the elimination of a molecule of hydrogen from ethane. However, the theoretical investigation by Irle & Morokuma (2000) reported two different possible reaction pathways for this process, either both hydrogens being eliminated from different carbon Knyazev et al. (1996) . j Derived from triplet potential energy surface derived by Kim et al. (2003) which is 79.9 kJ mol À1 (0.83 eV) above the singlet ground state (Sherrill et al. 2000) .
atoms ( barrier of 4.94 eV ) or the hydrogens being eliminated from the same carbon atom ( barrier of only 4.58 eV ). In addition, the competing pathway to the formation of the ethyl radical via reactions (R6) and (6) lies only 4.27 eV above the ground state of the ethane molecule. The formation of ethylene through the dissociation of the ethyl radical (k 6 ; reaction [ R8]) also contributes a significant amount to the formation of the ethylene molecule.
In agreement with the theoretical calculations carried out by Mebel et al. (1995) , no rate constant could be found for reaction (R10), the elimination of molecular hydrogen to form the vinyl radical from the ethyl radical. In fact, the only formation pathway that was found for the production of the vinyl radical was the radiolysis-induced hydrogen elimination of the ethylene molecule, reaction (R11). The rate constant for this reaction, k 7 , was found to be 2:31 ; 10 À4 s
. The destruction of the vinyl radical was found to proceed via the radiolysis-induced hydrogen elimination reaction of the vinyl radical to form the acetylene molecule, reaction (R13). Here, the rate constant, k 8 , was found to be 3:56 ; 10 À3 s À1 . Once again, the destruction rates for radicals appear to be faster than those for the closed-shell species, reflected by the relative required energy for the hydrogen elimination processes being 4.69 eV for elimination from ethylene through reaction (R11), and 1.69 eV for elimination from the vinyl radical via reaction (R13). A second formation pathway to acetylene via the elimination of molecular hydrogen from ethylene was also found (reaction [ R12]). Here, the rate constant, k 11 , was found to be 1:22 ; 10 À3 s
, which although slower than k 8 , does not depend on the prior formation of the vinyl radical from ethylene, which was actually found to be slower (k 7 ¼ 2:31 ; 10 À4 s
) than the direct formation of acetylene via reaction ( R12). The minimum energy pathway established by Jensen et al. (1994) for the elimination of molecular hydrogen from ethylene was found to have a barrier at 4.06 eVabove the ethylene molecule in its ground state. Whereas the energy required for hydrogen elimination from ethylene into the vinyl radical was found to require 4.69 eV, which might help explain why this reaction occurs more slowly. In summary, the dominant pathway for the production of acetylene appears to be through the elimination of molecular hydrogen from ethylene, possibly via the CH 3 CH intermediate tentatively identified in our experiment (or H 2 CC). Lastly, to account for further reactions of the acetylene molecule a final reaction pathway was included,
where X represents any further hydrocarbon not covered by this study that acetylene might react to form (e.g., polymerization). The rate constant for this reaction, k 9 , was found to be 8:33 ; 10 À3 s À1 . It should be noted that the reaction scheme presented here is not complete, in that there are several possible alternative pathways for the formation of these species that have been omitted, as it is not currently possible to distinguish them from the pathways that have been covered. Reactions (R14) Y(R18) in Table 4 show possible alternative pathways to forming these molecules involving suprathermal (nonequilibrium) hydrogen atoms. These can be generated through reaction (R1) and, due to the exothermicity of this reaction, will bear excess kinetic energy and be mobile within the lattice. These suprathermal hydrogen atoms can then undergo hydrogen abstraction reactions, which are very favorable, as indicated by their exothermicity, due to the formation of molecular hydrogen. For example, a hydrogen abstraction pathway could be partially responsible for generating the ethyl radical via reaction (R15). This reaction is exoergic by 29.2 kJ mol À1 (0.3 eV) and has been studied by Kerkeni & Clary (2005) , who found the reaction has a barrier of 50.2 kJ mol À1 (0.52 eV), which must be provided by the suprathermal hydrogen atom but is much lower than the barrier to required by competing reactions (R6) and (6). Please refer to reactions (R14) Y (R18) and the references listed in Table 4 for more information on how hydrogen abstraction reactions may be candidate reaction pathways for generating each of the other species covered in this study.
Energetics
Let us now consider how much energy is required to produce the observed column densities of the species observed in our experiment. Considering the destruction of methane itself, we can assume that the predominant reaction pathway is reaction (R1), the homolytic cleavage of the CÀH bond, creating the methyl radical and a hydrogen atom, as the methylene (CH 2 ) and methylidyne (CH ) radicals were not observed experimentally. The calculated energy for this reaction requires 426.7 kJ mol À 1 (4.42 eV) compared to an experimental value of 432.4 kJ mol À1 (4.48 eV); all experimental reaction energies are derived from values published in the NIST Chemistry WebBook 4 unless stated otherwise; all calculated values stated were found via the CCSD( T)/aug-ccpVTZ method described in x A1. Table 6 summarizes the numbers of each species produced or destroyed throughout the hour of irradiation with 5 keV electrons at 100 nA as well as how much of the electrons' kinetic energy is transferred into the matrix during this process. The energy required per molecule assumes the minimum energy pathway to produce each species via the reactions listed in Table 4 . For example, accounting for the number of methane molecules destroyed per electron, 11:7 AE 6:4 molecules, and if the destruction of each molecule requires 4.42 eV, this translates to 52 AE 28 eV being transferred to the sample as each electron is transmitted through the sample (using our calculated values). Recall from x 2 that the CASINO calculations estimate 370 eV will be transferred to the sample per electron, thus accounting for the destruction of methane by reaction ( R1) may account for around 14% of the transferred energy. From the column density of the methyl radical, however, each electron produces 0:52 AE 0:03 methyl radicals, which translates to only 2:32 AE 0:13 eV, indicating that if reaction (R1) is solely responsible for the destruction of methane, then the methyl radicals must react further. Note Notes.-The minimum energy required to produce one molecule of each species is listed, combined with the total energy which must be translated to the matrix per impinging electron. Also listed is the number of carbon atoms within the reported column densities.
a During warm-up, the column density increases to around 2:8 ; 10 16 molecules cm À2 ; requiring approximately 252 eV to be translated to the matrix per 5 keV electron implanted.
b On heating, the column density was found to increase to a value of 5:9 AE 0:2 ; 10 15 molecules cm À2 , which would require 88 AE 3 eV transferred to the sample per electron implant.
c The total values listed here do not include the energy required to destroy methane as it is already accounted for in the production of the products.
that at 10 K the methyl radicals are predicted not to be mobile within the lattice (Zhitnikov & Dmitriev 2002) . The hydrogen atoms, on the other hand, can diffuse even at temperatures as low as 10 K and can recombine to form molecular hydrogen,
At 10 K even molecular hydrogen can diffuse in the matrix; once a hydrogen molecule reaches the surface, it can sublime into the gas phase. Molecular hydrogen was the only product identified by our mass spectrometer during the irradiation process. The failed detection of either the methylene radical via
as well as the methylidyne radical through
is found to be in contrast to photolysis experiments using UV photons. Here, a photolysis of pure methane at 1236 8 (10.03 eV) gives a quantum yield for the dissociation pathways in reaction (R1) and equations (10) and (11) of 0.44, 0.5, and 0.06, respectively (Okabe 1978) . Note that recent experiments with low-energy electrons suggest that the cross section for the production of the methyl radical is larger than that for the formation of methylene by a factor of 20; while the maximum cross section for the generation of both radicals seems to lie where the energy of the impinging electron is around 20 eV (Nakano et al. 1991; Alman et al. 2000) . Considering the formation of ethane, C 2 H 6 (X 1 A 1g ), the most likely formation pathway is therefore the recombination of two neighboring methyl radicals of the proper reaction geometry within the same matrix cage. Since the recombination of two methyl radicals is calculated to be exoergic by 360.7 kJ mol À1 (3.74 eV ), this process (reaction [R5]) leads to the formation of an internally excited molecule that can then relax (via phonon transfer to the lattice) to form the ground state ethane molecule (reaction [5]) or fragment via unimolecular decomposition (reactions [6] and [7] ). To calculate the required energy to form ethane, we assume that it requires the formation of two methyl radicals via reaction (R1), each requiring 4.42 eV (8.84 eV total). No further energy is required to produce the ethane molecule as the combination of methyl radicals occurs exoergically and without barrier (reaction [ R5]). Accounting for the observed column density of 9:66 AE 0:24 ; 10 15 ethane molecules cm À2 (9:82 AE 0:24 per electron) therefore requires a total energy of 87 AE 2 eV per implant ( Table 6 ). Methyl radicals were also found to recombine during the warm-up phase to produce ethane (2:8 ; 10 16 molecules cm À2 ); therefore, a total of 252 eV per 5 keVelectron implant are needed to verify for the experimentally observed ethane column density energetically.
The ethyl radical can be generated by two similar processes that require differing energies and kinetics. The first pathway that we consider is the radiolysis-induced dissociation of a previously created ethane molecule to bear the ethyl radical and atomic hydrogen (reaction [ R6]). The energy of this reaction was calculated to lie 411.7 kJ mol À1 (4.27 eV ) above the energy of the ethane molecule. The second pathway supposes that the internally excited ethane molecule initially produced in reaction (6) immediately dissociates into the ethyl radical and a hydrogen atom. This reaction pathway requires that the methyl radicals bear enough kinetic energy when they recombine to overcome the additional energy requirements of this process (the recombination process is only exoergic by 3.74 eV, whereas the reaction requires 4.27 eV, so an additional 0.53 eV is required). In order to calculate how much energy is deposited by the electron into the sample is required to account for the observed column density of the ethyl radical, we use the value from the pathway that requires the least energy; therefore, the energy required to form the ethyl radical can be calculated as the addition of this energy of that needed to form the ethane molecule (i.e., 4:27 þ 8:84 ¼ 13:11 eV). To account for the column density after irradiation, 9:0 AE 1:5 ; 10 14 molecules cm À2 (0:91 AE 0:15 per electron) would therefore require 12 AE 2 eV transmitted to the sample per electron implant. A similar approach, based on the reactions listed in Table 4 , was used to calculate the energy requirements to account for the observed column densities of the remaining species, the summary of which is shown in Table 6 . The total energy required to be transferred to the sample to account for all the observed products produced at the end of the 1 hr irradiation at 100 nA is 163 AE 4 eV per electron, or about 44% of the energy calculated to be transmitted to the sample using the CASINO code (see x 2).
Carbon Budget
To briefly address the issue of the carbon budget within the present experiment (i.e., can the column density of methane destroyed account for the column densities of the combined products; , i.e., almost 3 times more than the amount of methane destroyed. How can we account for this discrepancy? The use of calculated absorption coefficients has an associated error of up to 20% compared to gas phase values, although for small hydrocarbons this value may lie closer to 5% (Galabov et al. 2002) . In the solid state, it is well known that these absorption coefficients are distorted for each band associated with the molecule according to the chemical and physical conditions of the surrounding ice matrix, which will itself be altered during the irradiation process ( Moore et al. 2001) . It should also be noted that small contributions from other molecules not covered in this study may underlie some of the absorptions treated quantitatively. For example, the column density of ethane, which is based on the area of the band centered at 822 cm À1 ( 12 [CH 3 rock]) may be slightly lower than reported due to the overlapping band of another molecule even within this study, the weak absorption at around 820 cm À1 from ethylene ( 10 [CH 2 rock]).
Temporal Profiles
We would now like to comment on some of the conclusions that can be drawn from the temporal evolution of the column densities depicted in Figures 4aY 4g. First, it is clear that the column densities of all species remain constant during the isothermal stage, where the ice is held for 1 hr at 10 K (within the limits of the error bars, with the possible exception of the vinyl radical; Fig. 4f ). Once the temperature program is initiated, we see a gradual decrease in the column density of methane as it sublimes from the target (Fig. 4a) . It is of little surprise that the column densities of the unstable radical species decrease sharply as soon as the temperature begins to increase for the methyl (Fig. 4b) , ethyl (Fig. 4d ) , and vinyl (Fig. 4f ) radicals. It could be expected that the column densities of the closed shell species should, however, be relatively unaffected by the slight increase in temperature, as can be seen by the increase in column densities of both the ethane molecule (Fig. 4c) and the ethylene molecule (Fig. 4e) . However, the column density of acetylene (Fig. 4g ) also appears to decrease immediately as the temperature is increased. The slight increase in column density of the ethane molecule can likely be accounted for by the increased mobility of the methyl radicals, which can then recombine to form ethane via reactions ( R5) and (5). The increase in the column density of ethylene cannot be explained in a similar manner, as no evidence of the methylene radicals was found. One possible explanation is the recombination of hydrogen atoms trapped within the lattice with the vinyl radical, which can without barrier form ethylene. Similarly free hydrogen atoms could also react with the ethyl radical to produce more ethane. An alternative production route for the generation of ethylene is reaction (R16), where the mobile hydrogen atoms abstract a hydrogen from the ethyl radical to generate ethylene and molecular hydrogen, which requires the hydrogen atoms to overcome the 0.03 eV energy barrier (at this time, the hydrogen atoms will be in thermal equilibrium with the surrounding matrix; therefore, less than 0.1% of the hydrogen atoms would be able to overcome this barrier, ignoring the possibility of tunneling). The simplest explanation for the disappearance of acetylene on warmup would be the hydrogenation to form the vinyl radical (reverse of reaction [ R13]; Fig. 9 , bottom) which could also be subsequently hydrogenated to form more ethylene. However, recall that this would need to overcome an energy barrier of 0.17 eV; at below 40 K, the population of hydrogen atoms that have this energy would not be significant. It is therefore likely that the majority of reactions involving the acetylene molecule during the heating period produce higher hydrocarbons not covered in this study. It is also likely that the radical-radical recombination reactions of the methyl, ethyl, and vinyl radicals will produce higher hydrocarbons. Once the methane matrix has sublimed (39 Y 42 K ), a sharp increase in the column density of both the ethane and ethylene molecules is observed. This increase cannot be explained by reactions occurring involving any species covered within this study within the matrix as at this time, as their column densities indicate that they are no longer present within the matrix. The most likely explanation is that the intensities of the infrared absorptions of the fundamentals used to calculate the column densities are stronger in the new matrix.
Comparison to Previous Experiments
We now would like to compare quantitatively, the results of electron bombardment on pure methane ices with those from experiments using UV photons and high-energy ions as the source of irradiation. Table 7 summarizes experiments where quantitative information regarding the destruction of methane and production of new molecules was presented. Note that in making a quantitative comparison, other experimental parameters such as the thickness of the sample and dose must be taken into consideration also.
First, regarding the destruction of methane over the course of the experiment, comparing the column density of methane before and after the experiment, we can conclude that roughly 5% of the total methane in our sample was destroyed throughout the irradiation process. In the experiments where UV photons were the source, note that in both cases most of the original methane in the sample was destroyed. In the experiments carried out by Gerakines et al. (1996) they exposed the sample to a dose of 7.2 eV molecule À 1 , resulting in roughly 65% of the methane being destroyed. Note that the additional 128 eV molecule À1 used in experiments by Baratta et al. (2002) , caused the destruction of only an additional 5% to the sample. The authors reported on this discrepancy being due to the fact that during the irradiation process, the optical properties of the ice sample are modified. Initially however, the UV photons appear more efficient at destroying methane per eV molecule À1 absorbed in the sample. In the experiments with 30 keV protons by Baratta et al. (2002) , the reported destruction of methane was much higher, at around 94% of the sample. This is a much greater percentage than the values obtained from Kaiser & Roessler (1998) , where values were reported of around 9% for 7.3 MeV protons and 16% for 9.0 MeV -particles. Before comparing the results of these experiments to those from our electrons, let us first check that they are internally consistent. The linear energy transfer for the electronic and nuclear processes for high-energy protons and -particles impinging into our methane target was calculated using the Stopping and Range of Ions in Matter (SRIM) code of Zeigler et al. (1985) ; the results were calculated for a proton of energy 1 eV to 10 GeV (the results are in accordance with those published previously, e.g., Johnson 1990 ). For high-energy ions the energy transfer to the ice occurs almost Notes.-Bombardment is with 5 keV electrons at 0.1 A for 1 hr with those from previous experiments using UV photolysis and ion irradiation. The irradiation source is stated (refer to the individual papers for more details), the dose used, the column densities of methane before and after irradiation, as well as the final column densities of the methyl radical, ethane, ethylene and acetylene. NA indicates that the column density of this species was not presented. An asterisk ( Ã ) indicates value may not be reliable for comparison as different absorption bands were used to calculated the column densities of these molecules a Value at the end of irradiation. A maximum column density of 4:4 ; 10 14 molecules cm À2 was found at a dose of 0.36 eV molecule À1 . b Although no quantitative results were presented, absorptions corresponding to the two strongest peaks were present. c Value at the end of irradiation. A maximum column density of 1:32 ; 10 16 molecules cm À2 was found at a dose of 23 eV molecule À1 .
exclusively through electronic energy transfer processes. For a 7.3 MeV proton, the linear energy transfer through electronic interactions was calculated to be 3.9 keV m À1 and considerably higher for a 9.0 MeV -particle at 40.5 keV m À1 , explaining why much more chemical processing was found in the case of -particle bombardment compared to that from protons. Considering why the 30 keV protons seems more effective at processing the methane sample than the 7.3 MeV protons, the energy transfer through electronic loss processes of the 30 keV proton is calculated to be around 67.8 keV m
À1 , but additionally, nuclear interaction processes begin to become more important, contributing an additional 0.3 keV m
À1
. This explains why, in general, the chemical processing from a keV ion is greater than that for a MeV ion; note also that the nuclear interactions will introduce a different chemistry into the ice than electronic processes alone (Kaiser & Roessler 1998) . Taking into account the number of methane molecules destroyed per eV molecule À1 put into the system, we can conclude that 5 keVelectrons are more efficient at processing the methane sample than both of the ion sources used. This should not be surprising if we consider the electronic energy loss processes from a MeV ion into the ice will be used to generate electrons, which are responsible for processing the ice further (Kaiser & Roessler 1998) .
Considering the generation of the methyl radical, the column density at the end of the irradiation accounted for around 0.23% of the methane destroyed. This value is much larger than the value obtained from Gerakines et al. (1996) , who reported only 0.01% of the methyl radical accounted for with the products produced by the destruction of methane. Even at the highest column densities reported during the experiment, this still accounts for only 0.06% of the methane. This means that either the photons are less efficient at producing the methyl radical or the sample was possibly heated enough during the course of the experiment for the radicals to be mobile enough to recombine to form ethane more efficiently. Both of the high-energy ion implantation experiments by Kaiser & Roessler (1998) produced enough of the methyl radical to account for roughly 1% Y2% of the methane destroyed. However, taking into account the dosage, we can conclude that the electrons and ions are roughly the same efficiency at producing the methyl radical.
We now consider the relative formation of ethane, ethylene, and acetylene in each system (due to the inconsistencies in the carbon budget previously mentioned, column densities are used here). With regards to our system, the column density of ethane, ethylene, and acetylene at the end of irradiation is 9:66 AE 0:24 ; 10 15 , 3:05 AE 0:10 ; 10 15 , and 5:24 AE 0:41 ; 10 14 molecules cm À2 , respectively. The only other experiment where all three molecules were accounted for quantitatively is the work from Kaiser & Roessler (1998) , where the column densities from proton irradiation were 1:34 ; 10 18 , 2:48 ; 10 17 , and 1:44 ; 10 17 molecules cm
À2
for ethane, ethylene, and acetylene, respectively. In addition, for the -particles the column densities reported were 2:05 ; 10 18 , 4:82 ; 10 17 , and 2:66 ; 10 17 molecules cm À2 for ethane, ethylene, and acetylene, respectively. In each of these experiments, the relative trend holds that more ethane is produced than ethylene, and more ethylene is produced than acetylene, consistent with the view that the formation of acetylene is dependant on a prior formation of ethylene, which itself is dependant on the prior formation of ethane. The comparison to the keV ion bombardment experiments is a little trickier, as it is evident from the temporal profile that the ethane was also highly processed in the sample; however, taking the value from the maximum column density reported of 1:32 ; 10 16 molecules cm À2 at a dosage of 23 eV molecule À1 , we can conclude that the efficiency of generating ethane is a little lower than for the MeV particles, which themselves are less efficient than electrons. Unfortunately, neither experiment studying the effects of UV irradiation included the acetylene molecule in their study. However, in the UVexperiments carried out by Gerakines et al. (1996) , the ethane and ethylene can account for 2.2% and 3.0% of the methane destroyed, respectively. Here, we can note that overall, the efficiency of producing these molecules is far less than both irradiation by electrons and ions. Another surprising observation is that the ethylene molecule seems to be produced more efficiently than the ethane molecule within this system. This could be an anomaly due to the fact that possibly more of the ethane is processed to form the ethylene molecule. Alternatively, if ethylene really is produced more efficiently than ethane in this system, then we must be able to account for it somehow. One possible reason is that the UV photolysis generates methylene radicals with greater efficiency than the methyl radical (Okabe 1978) . Both experiments seem less efficient at producing the ethane molecule.
In summary, it would appear at first that the electrons are the most efficient at forming new molecules with regards to the amount of products formed versus methane destroyed per eV per molecule. However, from the initial production rates of ethane via UV photolysis, it seems that this process may be more efficient, but it does not penetrate very far through the ice. The surface layers, however, are further processed, generating very small quantities of a wide range of species. In the case of radiolysis by electrons and ions, the carbon budget could not be conserved. However, when UV photolysis is used as the irradiation source, the early irradiation products covered by this study could only account for 5.2% of the methane destroyed.
ASTROPHYSICAL IMPLICATIONS
The polar ice grains within interstellar clouds are subject to irradiation from MeV ions and are expected to undergo similar chemical processes as in our experiment. It has been shown that when an MeV ion is implanted into an ice, more than 99.9% of the energy transferred is lost through electronic energy transfer processes, i.e., the generation of electrons, which then further process the ice (Kaiser & Roessler 1998) . Thus, it is expected that the products from this irradiation experiment should be found within interstellar ices. A quantitative estimate to the abundance is difficult at this time, as little information exists on the abundance of neighboring methane molecules within these grains and also the effects of other matrix components (e.g., water) on the production rates of these species. Where the abundance of methane is only 1% Y 4%, the abundance of ethane is likely to be less than 1% and hitherto unlikely to be detected. However, in sources where the methane abundance is considerable, such as Mon R2 IRS 3 and GCS 4 the detection of these molecular species may be possible. Note that in a recent survey of low-mass protostars using the Spitzer Space Telescope, Boogert et al. (2004) mentioned two unidentified bands found in each source studied, located at 3.47 m ($2880 cm À1 ) and 6.85 m ($1460 cm À1 ), which happen to correspond to two absorptions from ethane, although ethane may be only one of several contributing species to the 3.47 m feature.
As comets are thought to preserve the pristine interstellar material of the interstellar cloud from which our solar system was born, the molecules found within them is expected to be similar to the molecules produced in interstellar ices. Infrared studies on the volatile components from Oort cloud comets report the detection of methane, ethane, and acetylene (Mumma et al. 2003) . The failed detection of ethylene within these comets possibly points to the fact that both ion and UV irradiation is not effective at producing high abundances of ethylene within interstellar ices. This seems to be in contradiction to present theory, particularly in the case of UV photons, which has been demonstrated in laboratory experiments to produce higher abundances of ethylene than ethane. While possible gas-phase ion-molecule pathways to acetylene exist, the fact that in general a higher abundance is observed in warm clouds than cold clouds suggests that acetylene may be released during the sublimation of icy grain mantles as a young protostar develops (Boudin et al. 1998) . It has also been suggested that there are other, possibly more efficient methods to generate acetylene within interstellar ices, via the successive hydrogenation of C 2 which is thought to be very efficient due to hydrogen migration and tunneling reactions within interstellar ices, so much in fact that it has been included as a pathway to form not only acetylene, but even ethane in models of intermolecular clouds (Hasegawa & Herbst 1993) . Comets residing in the Oort cloud are chemically processed, predominantly by energetic ions from the Galactic cosmic radiation, over periods of around 10 9 yr. This is believed to produce an irradiation-driven mantle or crust around a meter thick, which may be able to explain why a comet can bear regions of inactivity as a comet enters the solar system. This crust is believed to consist of many chain molecules, with a high abundance of carbon and can be effectively reproduced in laboratory irradiation experiments of ices containing methane, even in the presence of water (Strazzulla & Johnson 1991; Kaiser & Roessler 1998) .
These studies could also aid in the identification of hydrocarbons on solar system bodies. Coustenis et al. (2003) have analyzed the atmosphere of Saturn's moon Titan using ISO and found that not only are methane, ethane, ethylene, and acetylene present, but also more complex hydrocarbons such as propane, propyne, benzene, allene, and diacetylene. Most modeling of Titan is focused on attempting to recreate these molecules from gas-phase processes initiated by UV irradiation (e.g., Tran et al. 2005) ; however, it is clear that the surface is known to be bombarded by energetic ions, photons and electrons that are capable of producing more complex molecules in the solid state. A proportion of these may well be released into the gas phase and need to be incorporated into these models. High-energy electrons produced from Saturn's magnetosphere could be partly responsible for the production of these molecules (Cravens et al. 2005) . Sasaki et al. (2005) recently conducted a search for nonmethane hydrocarbons on Pluto and found absorptions at 3. 10, 3.22, and 3.35 m (3225, 3125 , and 2985 cm À1 ), whereby the peak at 3.22 m seems to be indicative of the presence of ethylene. Vernazza et al. (2005) reported the presence of features appearing at 3.42 m (2920 cm À1 ) and 3.06 m (3268 cm
À1
) on the surface of the asteroid 1 Ceres, which may be indicative of the presence of ethane and acetylene, respectively. This material is based on work supported by the National Aeronautics and Space Administration through the NASA Astrobiology Institute under Cooperative Agreement NNA 04-CC08A issued through the Office of Space Science. We would also like to acknowledge funding from the Particle Physics and Astronomy Research Council (PPARC). We are also grateful to Ed Kawamura (University of Hawaii at Manoa, Department of Chemistry) for his support.
APPENDIX
A1. THEORETICAL CALCULATIONS
We have examined the structures and energetics of hydrocarbons of the C 2 H x (x ¼ 1Y 6) series as well as the CH y ( y ¼ 1Y 4) series, including different isomers and electronic states (where appropriate) in terms of ab initio molecular orbital methods employing the hybrid density functional B3LYP method ( Lee et al. 1988; Becke 1993 ) with the 6-311G(d,p) basis functions in order to optimize the molecular structures at the energy minima ( Fig. 2 ; Table 8 ). The relative energies were then refined by using the coupled cluster CCSD( T) method ( Purvis & Bartlett 1982; Raghavachari et al. 1989 ) with the aug-cc-pVTZ basis functions ( Dunning 1989) at the structures obtained by the B3LYP method. All relative energies were corrected by the zero-point vibrational energies calculated with the B3LYP method without scaling. All calculations were carried out with the GAUSSIAN 98 program package ( Frisch et al. 2001) . In order to analyze the infrared spectra for the species obtained by present experiments, we have calculated the vibrational band position and infrared intensities for the structures obtained with the B3LYP/6-311G(d,p) method ( Table 8) . At this level of theory, the calculated intensities are typically accurate to about 20% (Galabov et al. 2002) ; however, experimentally derived solid-state intensities are used where possible. Figure 7 shows the potential energy surface of the isomerization between ethylene (C 2 H 4 ) and methylcarbene (CH 3 CH ) in the ground and lowest excited triplet states calculated at the B3LYP/6-311(d,p) level of theory. On the ground state singlet surface, methylcarbene was found to be 306 kJ mol À1 higher in energy than ethylene; the barrier to isomerization is 310 kJ mol À1 , i.e., a barrier of only 4 kJ mol À1 for the reverse process. On the triplet surface, which exists 268 kJ mol À1 above the ground state, methylcarbene is only 23 kJ mol À1 less stable than twisted ethylene; the barrier to isomerism was computed to be 205 kJ mol À1 . Comparison of the triplet potential energy surface calculated by Kim et al. (2003) using the CCSD( T)/6-311+G(3df,2p) level of theory shows that the methylcarbene structure lies 24 kJ mol À1 above the ethylene structure, with a barrier of 208 kJ mol À1 . Figure 8 shows our potential energy surface for the hydrogen shift in the vinyl radical (C 2 H 3 ) to vinylidyne (CH 3 C) and from acetylene (C 2 H 2 ) to vinylidene (H 2 CC). We can see that the CH 3 C isomer lies 198 kJ mol À1 above the vinyl radical, with the barrier to isomerism being 220 kJ mol À1 and, hence, 22 kJ mol À1 for the reverse process. Metropoulos (2003) calculated the same potential energy surface at the MRCI+Q level of theory; 
A2. COMPUTATIONAL RESULTS
